Reduced expression of SMN protein causes spinal muscular atrophy (SMA), a neurodegenerative disorder leading to motor neuron dysfunction and loss. However, the molecular mechanisms by which SMN regulates neuronal dysfunction are not fully understood. Here, we report that reduced SMN protein level alters miRNA expression and distribution in neurons. In particular, miR-183 levels are increased in neurites of SMN-deficient neurons. We demonstrate that miR-183 regulates translation of mTor via direct binding to its 3 ′ UTR. Interestingly, local axonal translation of mTor is reduced in SMN-deficient neurons, and this can be recovered by miR-183 inhibition. Finally, inhibition of miR-183 expression in the spinal cord of an SMA mouse model prolongs survival and improves motor function of Smn-mutant mice. Together, these observations suggest that axonal miRNAs and the mTOR pathway are previously unidentified molecular mechanisms contributing to SMA pathology.
INTRODUCTION
MicroRNAs are molecular regulators of protein expression that act by repressing translation or destabilizing mRNAs. Numerous miRNAs have been described in many organisms and are reported to play significant roles in a broad range of cellular and developmental processes, including cell cycle (1), neuronal development (2) and learning and memory (3, 4) . RISC (RNAinduced silencing complex) is a ribonucleoprotein complex comprised of targeting miRNAs and a number of associated proteins including Argonautes and GW182 proteins (5) . Proteins involved in miRNA function have been detected in axons of primary hippocampal and sympathetic neurons (6 -8) . Furthermore, Mov10, a component of the RISC complex, is also present at mammalian synaptic sites, where it regulates protein translation in response to neuronal activity (9) . These findings strongly suggest that miRNAs act as important regulators of local axonal protein translation in neurons (10) .
Deficiency of SMN leads to spinal muscular atrophy (SMA), an autosomal recessive disease characterized by spinal motor neuron degeneration (11, 12) . Spinal muscular atrophy is caused by homozygous deletion or mutation of SMN1 (survival motor neuron 1). SMN2, which is .99% identical to SMN1, contains a single nucleotide change that produces aberrant splicing lacking exon 7. Therefore, only 10% of SMN2 transcripts are properly spliced and synthesize functional full-length SMN proteins. SMN2 can vary from 1 to 6 copies per genome and is the main modifier of SMA to influence SMA severity (11) . SMN protein is ubiquitously expressed in all neuronal compartments including the nucleus, soma, axon and dendrites (13, 14) . Within the nucleus, SMN is localized in subcellular structures called gems, where it interacts with a number of proteins essential * To whom correspondence should be addressed at: F. M. Kirby Neurobiology Center, Children's Hospital, 300 Longwood Avenue CLSB 14073, Boston, MA 02115, USA. Tel: +1 6179194518; Fax: +1 6177300242; Email: mustafa.sahin@childrens.harvard.edu to RNA processing and splicing including the Gemin3 and Gemin4 proteins, which can also be found in the RISC complex (15) (16) (17) (18) . In the axons and dendrites of neurons, SMN interacts with RNA-binding proteins, such as HuD, and plays a role in ribonucleoprotein (RNP) trafficking required to accomplish local protein translation in these compartments (14, 19, 20) . SMN also binds FMRP (21) and KSRP (22) , which are important for miRNA biogenesis and function (23) . Recently, it was reported that mice lacking the miRNA-processing enzyme Dicer selectively in motor neurons display SMA-like phenotype, arguing for a potential role for miRNAs in neuromuscular disorders (24) .
Local axonal protein translation has also been implicated in SMA pathology (25, 26) . Interestingly, when full-length SMN level is reduced, axons are shorter and growth cones are smaller (27) . The most extensively investigated mRNA that undergoes local translation in axonal growth cones is b-actin, which may contribute to the observed deficits in axonal actin cytoskeleton organization found in SMA animal models (27) . Recently, we reported cpg15 (neuritin) mRNA found in axons is regulated locally by SMN and HuD (14) . These results indicated that SMN could regulate the expression/trafficking of a number of mRNAs locally translated in neurites. Given that SMN binds to KSRP (22) and FMRP (21), we hypothesized that SMN complex plays a role in the regulation of miRNA expression and within neurons to regulate local translation.
Here, we demonstrate that reduced SMN levels triggered differential expression and distribution of specific miRNAs in neurons. Among the miRNAs up-regulated in SMN-deficient neurons, miR-183 can suppress axon growth. We show that miR-183 regulated translation of mTor mRNA via direct binding to its 3 ′ UTR, providing a novel link between SMN deficiency and a miRNA-mediated regulation of a key growth and survival pathway. Furthermore, we are able to demonstrate modest prolongation of survival and improved motor function in vivo, in the setting of an animal model for SMA by inhibiting the elevated miR-183 expression selectively in spinal motor neurons. These findings shed light on previously unidentified mechanisms implicated in SMA pathology and provide new insight into the contribution of miRNA dysregulation to the pathology of neurological disorders.
RESULTS

Reduced SMN level alters miRNA expression and distribution in neurons
To examine levels of miRNA expression in neurites, we cultured embryonic rat cortical neurons in modified Boyden chambers (14, 28) . These chambers allow separation of neurites (axons and dendrites) from cell bodies and produce a substantial quantity of RNAs for consistent profiling of miRNA expression (Supplementary Material, Fig. S1A ). After 10 days in vitro (DIV), total protein and RNA were extracted from the upper chamber, which contains mainly the cell body compartment and from the lower chamber, which contains the distal neurites. We confirmed the separation of the cellular compartments by measuring Tau protein, which is enriched in distal axons, and Lamin A, a marker of the nuclear envelope (Supplementary Material, Fig. S1B ). Integrity of RNA samples was confirmed by measuring known mRNA expression (29) . The best-characterized mRNA in the axon, b-actin, was expressed at similar levels in the cell body and neurite samples. In contrast, g-actin mRNA and snoRNA U6B were detected at a much lower level in the neurites, as compared with the cell body compartment (Supplementary Material, Fig. S1C and D), as previously described (29) .
To test whether SMN plays a role in miRNA expression and distribution in neurons, we knocked down SMN expression using lentivirus expressing shRNA against rat Smn. Nine days after infection, Smn mRNA is reduced to 45% of control in the cell body compartment and to ,25% of control in the neurite compartment (Supplementary Material, Fig. S1E ). We also confirmed that SMN protein is reduced to 40% of control (Supplementary Material, Fig. S1F ). Using these RNA samples, we measured the expression of 187 miRNAs with Taqman-based multiplexed real-time PCR. Most miRNAs measured could be detected in the neurite compartment and showed differential distributions between cell bodies and neurites (Supplementary Material, Fig. S1G and Table S1 ). This finding is consistent with previous reports that used laser capture microdissection of neurites from hippocampal neurons (7) and axonal miRNA profiling in sympathetic neurons (8) . We then compared the expression and distribution of miRNAs in control and Smn-knockdown neurons (Supplementary Material, Fig. S1G and Tables S2-S5 ). While the overall distribution of miRNAs was not significantly affected (Supplementary Material, Fig. S1H ), there were differences in the distribution of individual miRNAs (Supplementary Material, Tables S2-S5) . Because complete SMN depletion in neuronal cells can cause cell death (30), we measured levels of caspase activity in Smn-knockdown neurons and confirmed that the apoptosis pathways were not yet active in our samples at the time of RNA collection (Supplementary Material, Fig. S1I ). Furthermore, there was no increase in RIP1 expression as a marker of necrosis (31) after Smn-knockdown (Supplementary Material, Fig. S1J ). Thus, alterations in miRNA expression observed in SMN-deficient neurons are not due to cell death.
Because we are particularly interested in miRNA function in the neurites, we focused on miRNAs whose expression is primarily changed in the neurite samples but not in cell body samples of Smn-knockdown neurons. Thus, miRNAs such as miR-30a-5p and miR-196b, whose expressions were altered in both cell body and neurites samples of Smn-knockdown neurons, were excluded from further investigation. In control neurons, miR-183 is expressed at higher levels in the cell body than in the neurites. Upon Smn-knockdown, its expression increases two-fold in the neurite compartment without a significant change in the cell body compartment (Fig. 1A , Supplementary Material, Tables S2 and S4 ). Thus, we selected miR-183 to characterize further. Overall expression of miR-183 in the whole cell was increased in both spinal motor and cortical neuron cultures following Smn-knockdown (Fig. 1B, Supplementary Material , Fig. S2A Table S6 ). The sciatic nerve is made up of axons from sensory and motor neurons; therefore, these data support our finding that miR-183 expression is increased in the neurite compartment. As a control, we measured the expression of other miRNAs in our samples such as miR-124a, (Fig. 1F) . Together, these data indicate that reduced neuronal SMN level increases miR-183 expression.
To explore the cellular mechanism of elevated miR-183 expression, we measured the primary transcript of miR-183 in P4 spinal cord of the SMA mouse model containing two copies of human SMN2 (FVB, Smn 2/2 ;SMN2 tg/0 ). Because miR-183 is transcribed as a single transcript together with miR-96 and miR-182, we also measured expression of the other two miRNAs in the same gene cluster (Fig. 1F) . Interestingly, the amount of primary transcript was not increased in the spinal cord of SMA mouse model, whereas expression of the mature forms of miR-183 and miR-96 was increased. In contrast, another miRNA in the cluster, miR-182, was unchanged. These data suggest that there is differential regulation of biogenesis among miRNAs in the miR-183 96 182 cluster and that reduced SMN level causes dysregulation in the miRNA biogenesis pathway, rather than in overall transcription.
To confirm the up-regulation of miR-183 in the neurites, we performed in situ hybridization in rat hippocampal and spinal motor neurons. Smn-knockdown neurons displayed higher expression of miR-183 throughout their neurites. miR-183 levels in the neurite, normalized to those in the cell body of individual neurons, confirmed our real-time PCR data that miR-183 expression is elevated two-fold in the neurites of SMN-deficient neurons ( 
Inhibition of miR-183 rescues the Smn-knockdown axonal phenotype in neurons
As miR-183 expression is up-regulated in SMN-deficient neurons, we asked whether reducing miR-183 levels could rescue the impaired axonal growth seen in rat Smn-knockdown neurons ( Fig. 2A -G) . We adapted siRNA technology to knockdown Smn expression more rapidly than lentiviral shRNA because axonal morphology must be measured when axons are shorter, at 5 DIV. Forty-eight hours after siRNA transfection, expression of Smn mRNA was reduced to 50% of initial levels and protein to ,10% of the control, using two different siRNAs against Smn ( Fig. S3C and D) . Interestingly, miR-183 knockdown rescued the impairment of axonal growth in Smn-knockdown neurons. Both the longest and total axon lengths were comparable with controls in Smn-knockdown neurons transfected with miR-183 LNA inhibitor ( Fig. 2A, D and E). The miR-183 LNA inhibitor, however, increased the number of branches and percentage of neurons with multiple axons to above the control levels ( Fig. 2F and G) . Taken together, these findings suggest that reduction of miR-183 partially compensates for SMN deficiency in neurons.
miR-183 regulates mTOR activity by directly binding to the 3 ′ UTR of mTor
To understand how miR-183 knockdown affects neurons, we first used a computational approach using miRanda to find downstream target genes of miR-183. A previous study indicates that miR-183 cluster regulates the PI3K/AKT/mTOR pathway in medulloblastoma cell lines (33). As we had previously demonstrated that mTOR hyperactivity results in aberrant neuronal growth and multiple axons (34) , similar to what we observe with miR-183 knockdown, we specifically searched for genes in this pathway among putative target genes (387 genes for rat and 717 genes for mouse are predicted targets of miR-183). As mTor mRNA itself contains putative binding sequence for miR-183 ( Fig. 3A) , we asked whether mTor is bona fide target of miR-183. We over-expressed miR-183 using pre-miR-183 and inhibited miR-183 using LNA inhibitor in neurons and then measured protein and mRNA levels of putative target genes. Up-or down-regulating miR-183 expression significantly changed the protein levels of mTor without altering its mRNA level ( To determine whether miR-183 regulates the mRNA translation of mTor directly, we constructed a reporter system expressing firefly luciferase fused to the 3 ′ UTR of this gene (Fig. 3D ). We measured the firefly luciferase activity with gain-or loss-of miR-183 function in HEK293T cells. Inhibition of miR-183 increased firefly luciferase activity of the reporter construct whereas overexpression of miR-183 reduced its expression. mTor 3 ′ UTR has only one putative binding site for miR-183, and mutation of six nucleotides in seed region of this site abolished expression in type 1 SMA patient-derived fibroblast cell lines. A control and two type I SMA cell lines were analyzed, and each cell line was examined at two different passages except for the control cell line. Genetic and clinical information about the cell lines are in Supplementary Material, Table S6 From these data, we conclude that miR-183 can regulate translation of mTor by directly binding to its 3 ′ UTR ( Fig. 3D and E).
mTOR kinase exists in two distinct functional complexes, mTOR Complex 1 (mTORC1) and mTOR Complex 2 (mTORC2), defined by two groups of binding partners (35) . Because mTOR is a core component of the two complexes, we asked how the activities of mTORC1 and mTORC2 were affected by loss of miR-183. It is well established that mTORC1 phosphorylates S6K1 at Thr389, and mTORC2 phosphorylates PKCa at Ser657 (36) . Therefore, we measured phosphorylation of these two proteins as markers of mTORC1/2 activity. Interestingly, levels of S6K1 protein increased by 50% and the phosphorylated S6K1 (P-S6K1) increased 25% in miR-183 knockdown neurons. Moreover, phosphorylated PKCa (P-PKCa) increased 25%, whereas the total amount of PKCa protein was unchanged (Fig. 3F and G) . These results indicate that both mTORC1 and mTORC2 are modulated by miR-183 expression in neurons.
Smn-knockdown neurons exhibit dysregulated mTOR activity and reduced protein synthesis
Having demonstrated an effect of miR-183 on the mTOR pathway, we examined whether SMN expression also modulates the expression and activity of the mTOR pathway in neurons.
To investigate this question, we knocked down Smn and measured the expression of proteins in the mTOR pathway in cortical and spinal motor neurons. Protein levels of many genes in the mTOR pathway such as S6K1 and SGK were down-regulated in Smn-knockdown cells compared with controls in both cortical and spinal motor neurons (Fig. 4A -C) . Based on the expression and phosphorylation of S6K1, S6 ribosomal subunit, SGK and PKC-a, we conclude that the activity of the mTOR pathway is reduced in cortical and spinal motor neurons with Smn-knockdown. As mTORC1 regulates protein synthesis, we asked whether SMN deficiency might cause impairment in protein synthesis. We used surface sensing of translation technology (SUnSET) to measure protein synthesis efficiency in cells (37) . Interestingly, both Smn-knockdown neurons and neurons from the SMA mouse model showed reduced puromycin incorporation during 1 h of incubation, suggesting that SMN deficiency causes impairment in de novo protein synthesis efficiency (Fig. 4D, Supplementary Material, Fig. S5A ). To test whether this is a neuron-specific phenomenon, we performed the same experiments with SMA patient-derived fibroblast cell 
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lines. We measured P-S6K1 protein as a marker of mTORC1 activity. Surprisingly, even though these cell lines do not exhibit significant differences in cell growth and apoptosis compared with those from healthy controls, fibroblast cell lines derived from type 1 SMA patients showed reduced mTOR activity (Supplementary Material, Fig. S5B and C) . These data indicate that reduced SMN protein expression leads to down-regulation of mTOR activity and impaired protein synthesis. To test whether reduced mTOR activity can be restored by inhibition of miR-183 in SMN-deficient neurons, we knocked down SMN and miR-183 simultaneously in cortical neurons and measured phosphorylation of S6K1. Indeed, inhibition of miR-183 in SMNdeficient neurons increased phosphorylation of S6K1 (Fig. 4E) . These data support our hypothesis that down-regulated mTOR activity can be recovered by inhibition of miR-183.
mTOR is locally translated in the axon
As miR-183 levels are increased in neurites of Smn-knockdown neurons and miR-183 regulates mTOR activity via direct binding to the 3 ′ UTR of mTor, we asked whether mTor is locally translated in axons by performing fluorescence recovery after photobleaching (FRAP). We expressed plasmids with myristoylated photodestructible GFP fused to the 3 ′ UTR of mTor in hippocampal neurons. After 24 h, the GFP signals of the mTor reporter constructs could be detected in growth cones and axons. Two to three days after transfection, FRAP was performed using a laser confocal microscope with live cell imaging ( Fig. 5A and  Supplementary Material, Fig. S6A ). The GFP signal was 50% recovered within 5 min after photobleaching, and anisomycin, a protein synthesis inhibitor, blocked this recovery (Fig. 5B) . These data suggest that recovery of GFP signal in the axons is due to local protein synthesis (Fig. 5B) .
To test whether SMN-deficient neurons also exhibit impaired local translation, we performed FRAP experiments with mTor reporter constructs in Smn-knockdown neurons. SMN-deficient neurons displayed impaired local translation for mTor (Fig. 5C) . We then asked whether knocking down miR-183 could regulate local protein synthesis of mTOR in SMN-deficient neurons. Inhibition of miR-183 with LNA improved fluorescence recovery of mTor reporter constructs in SMN-deficient neurons (Fig. 5C) , indicating an increase in the rate of local protein synthesis for mTOR following miR-183 inhibition. To independently test our finding that mRNAs of mTor is locally translated, we asked whether mTor mRNA is present in neurites. We measured endogenous mRNA levels for mTor in the neurite compartment isolated from Boyden chambers. We found that the levels of mTor mRNA is similar to those of the well-established axonal mRNA b-actin (Supplementary Material, Fig. S6B ). From these results, we conclude that expression of mTOR is regulated at the translational level in distal neurites.
Inhibition of miR-183 in spinal motor neurons improves SMA mouse model
Finally, we asked whether suppression of miR-183 could alter the phenotype of an SMA mouse model. To test this, we produced an adeno-associated virus serotype-9 (AAV9) vector carrying a sponge sequence that would bind to and inhibit miR-183 expression following CNS injections of SMA mice. This vector has a beta-glucuronidase (GUSB) promoter that expresses primarily in neurons (38) , thus allowing us to restrict the inhibition of miR-183 expression in spinal motor neurons and interneurons. AAV9-sponge-183 reduced miR-183 expression to ,40% of wild-type levels (from 1.3 to 0.5, compared with wild-type control) (Fig. 6A) . As miR-182 has very similar sequence with miR-183, we also measured miR-182 expression as a control. miR-183 sponge sequence did not change miR-182 expression significantly. Remarkably, reduction of miR-183 in the spinal cord extended the survival of SMA mice from an average of 16.5-19.5 days (Fig. 6B) . Additionally, inhibition of miR-183 partially improved body weight and motor function, as measured by grip test (Fig. 6C and D) . However, there was no significant increase in righting reflex (Fig. 6E) . Immunofluorescent staining confirmed that AAV9-sponge-183 virus infected motor neurons in spinal cord (Fig. 6F) . Despite the physiological improvement in miR-183 inhibited SMA animals, we did not detect significant differences in NMJ morphology or survival of motor neurons (Supplementary Material, Fig. S7A -D) .
DISCUSSION
Local mRNA translation plays an important role in neuronal development and synaptic plasticity, and its dysregulation can contribute to neurological disorders such as Fragile X Syndrome 
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and SMA (25) . Dysfunction of translational machinery has been shown to contribute to neurological diseases. For example, hyperactivation of mTOR plays an important role in the neuropathology of tuberous sclerosis and PTEN hamartoma syndromes (25, 39) . Moreover, dysregulation of miRNA-mediated translational repression has been implicated in many neurodegenerative diseases, including Alzheimer's and Huntington's diseases (40, 41) . However, the interplay between miRNA expression and the mTOR pathway has not been studied in motor neuron diseases, especially with respect to the axonal local translation. Here, we report a previously unappreciated relationship between SMN, miRNA expression and mTOR signaling.
In vivo experiments show that modulating mTOR levels via miR-183 knockdown is a potential target for adjunctive treatment in a severe mouse model of SMA. Although reducing miR-183 resulted in a significant increase in grip strength and median survival, we were not able to detect differences in gross NMJ morphology compared with control SMA mice. Future studies are needed to investigate the possibility that subtle changes in the NMJ structure and/or function might have contributed to the observed improvement in motor function and longevity.
The mechanisms by which SMN deficiency leads to dysregulation of miRNA expression/localization and mTOR activity are unclear. The predominant mechanism for miR-183 dysregulation appears to be post-transcriptional because the transcription of miR-183 96 182 cluster is unchanged, and miR-182 from the same gene cluster is not affected by SMN loss. There are several possible explanations for this observation. First, as SMN plays a major role in splicing, incorrect splicing of genes important for miRNA biogenesis could lead to aberrant miRNA expression/distribution. Second, the SMN complex is involved in the formation of ribonucleoproteins (RNPs) (42, 43) . Recently, our lab and others showed that SMN complex binds to the RNA-binding protein HuD and delivers mRNAs to the axonal compartment to be translated locally (14, 19) . The SMN complex may play a role in the formation or trafficking of miRNA -RISC complexes and/or translational machinery. Third, loss of SMN may potentiate cellular stress mechanisms. The SMN complex is necessary for stress granule formation and function in neurons (44) . As stress granules may regulate miRNA function by sequestering Argonaute, RNA-binding proteins and RNA editing enzymes (45) , their dysfunction could also affect miRNA expression and distribution. Regardless of the mechanism, there appears to be specificity for certain miRNAs, suggesting that the distribution of different miRNAs may depend on distinct processing and transport mechanisms. Identification of RNP complexes involved in transport and processing of different miRNAs could help elucidate these mechanisms.
Another important consideration is that the role of mTORrelated protein synthesis in growing neurons, including mRNA translation of mTOR pathway components, is regulated locally in developing axons. There have been numerous studies reporting that the mTOR pathway plays a role in axonal outgrowth (25, 28) . In this study, we demonstrated that mTor itself is locally translated in the developing axon. Local synthesis of the mTOR protein that is the master regulator of protein synthesis has important implications. One would predict that downregulated mTOR signaling in SMN-deficient cells would markedly repress protein synthesis machinery, leading to neuronal dysfunction and aberrant neuronal connectivity.
Several recent studies demonstrated roles for miRNAs in axonal growth, which are consistent with our findings. For example, the miR-17 92 cluster increased axonal outgrowth by repressing PTEN expression in embryonic cortical neurons, and miR-16 regulates protein synthesis at the sympathetic neuronal axons by inhibiting translation of eIF2B2 and eIF4G2 (46, 47) . At the neuromuscular junction, miR-124 and miR-142 modulate acetylcholine release via Rab3a, which is involved in synaptic vesicle delivery in response to elevated NO signals from postsynaptic skeletal muscle (48) . Motor neurons differentiated from murine embryonic stem cells harboring a mutation causing SMA showed dysregulation in miR-9 expression (24). Interestingly, miR-9 regulates axonal growth via regulation of MAP1b expression in neurons (49) . Dysregulated miR-9 expression in SMA neurons might also contribute to pathological axonal morphology in SMA. These findings, together with our data, strongly suggest that axon growth and axonal local translation are regulated by miRNAs and are dysregulated in SMA.
We demonstrate that inhibition of miR-183 rescues much of the neuronal phenotype associated with Smn-knockdown, particularly axon outgrowth. miR-183 increases mTOR pathway activity, which contributes to this effect, but miR-183 may have additional targets that also augment this result. Our findings are consistent with previous reports demonstrating that PTEN deletion in SMA neurons improved neuronal growth (50) and that IGF-1 enhanced survival of SMA mice (51, 52) . Our study provides a potential link between the SMN/miR-183/mTOR interaction and the SMA neuronal phenotype. Most of the therapeutic strategies in SMA have focused on increasing SMN levels (38, 53) . Although our AAV9-sponge-183 modestly decreased miR-183 expression to 50% of wild type, we nonetheless observed an improvement in a mouse model of SMA. Inhibition of miR-183 alone unlikely provides a cure for SMA, but it may work in concert with other therapeutic modalities that are aimed to increase SMN protein levels in cells. Whether similar mechanisms are in play in human SMA disease requires future investigations. If they are, then more efficient, cell-type-specific modulation of the mTOR pathway via small molecules or RNAi could potentially provide a new mechanism-based adjunctive therapy for this devastating disease.
MATERIALS AND METHODS
Primary neuron cultures
All experimental procedures were performed in compliance with animal protocols approved by the IACUC at Boston Children's Hospital and University of Cologne. Hippocampi and cortices were dissected from E18 Sprague -Dawley rat embryos (Charles River). Neurons were dissociated with papain, triturated and plated on poly-D-lysine/Laminin-coated plates. Cells were plated at 1 M 250 K cells/6-well plates for biochemistry and 30 000 cells/24 well plates for immunostaining experiments. Neurons were cultured in Neurobasal medium with B27 supplement, 2 mM L-glutamine, 1× pen-strep (Invitrogen) at 378C in a humidified incubator with 5% CO 2 . For the motor neuron culture, we used embryonic spinal motor neuron from E15 Sprague -Dawley rat embryos (Charles River). Primary motor Human Molecular Genetics, 2014, Vol. 23, No. 23 6327 neurons were cultured with same media with 50 ng/ml BDNF, 50 ng/ml GDNF and 25 ng/ml CNTF (PeproTech) as described before (14) .
Boyden chamber and collection of samples from neurite compartment
Cortical neurons were cultured on modified Boyden chambers as described previously (28) . In brief, neurons were seeded on the Boyden membrane with 3-mm pores with Neurobasal media with B27 supplement, 2 mM L-glutamine and 1× pen-strep (Invitrogen). We added this culture media with BDNF (50 ng/ml), CNTF (50 ng/ml) and GDNF (25 ng/ml) to the lower compartment of the culture dishes. One day after seeding, cells were infected with lentivirus containing either the shRNA against Smn or the scramble control (14) . Samples were collected 9 days after infection from both the lower membrane surface, which contained mainly the neurite compartment and growth cones, and the upper membrane surface, which contained cell bodies.
RNA extraction and measuring expression of mRNAs
Total RNA was extracted using miRVana total RNA isolation kit (Ambion) according to manufacturer's instruction. RNA amount was measured using Nanodrop (Thermo Scientific).
To measure the expression of mRNAs, we used a previously described protocol (54) . In brief, 120 ng of total RNA was reversed-transcribed using cDNA Archiving Kit with random primers (Life Tech). Power SyBr Green PCR Master Mix (Life Tech) was used to amplify and detect signals with 10 ng of cDNA and 1 mM of each gene-specific primer. Sequences of individual primers for mRNA detection are in Supplementary Material, Table S7 . Amplified signals were collected by 7300HT fast real-time System (ABI) and normalized with Gapdh intensity.
Multiplexed real-time PCR for miRNA analysis and single miRNA analysis miRNA expression was also measured using multiplexed realtime PCR as described before (7) . In brief, 187-plexed real-time PCR was used to measure the expression of individual miRNAs. Twenty nanograms of total RNA was reverse-transcribed using cDNA Archiving Kit (Life Tech) and 2.5 nM miRNA-specific reverse primers. cDNA was pre-amplified using a common reverse primer (UR) and miRNA-specific forward primers using Universal Master Mix with no UNG (Life Tech). PCR product was diluted 4 times, and 0.1 ml was used for real-time PCR. Real-time PCR was performed in 7500HT fast real-time System (ABI). To measure individual miRNA expression, we used Taqman microRNA assays (Lite Tech). Data were collected and analyzed as previously described (54) . Threshold cycles (Ct) were normalized by a single proportionality constant as we did not observe any Ct-dependent bias.
Western blotting
Protein expression was quantified by western blotting. Antibodies used for this study were purchased from phosphoPKCa (Ser657, Millipore), phospho-S6K1 (Ser389, Millipore), We amplified 3 ′ UTR of mTOR from the rat genomic DNA and cloned into pmiR-report vector (Ambion). Three hundred nanograms of reporter vectors were transiently transfected to HEK293T cells together with 50 ng of control vector expressing Renilla luciferase and 50 nM of pre-miRNA (AB) or LNA inhibitors (Exiqon) using Lipofectamine2000 (Life Tech). In 24 h after transfection, cells were harvested and luciferase activity was measured with Dual luciferase system (Promega). To construct reported vector containing mutations in miRNA seed region, we used QuickChange II XL Site Directed Mutagenesis Kit (Agilent). In brief, we designed primers containing inverted sequences of 6 base pairs in seed region (IDT) and followed manufacturer's instruction for detailed procedures. Primer sequences used to make point mutation are for mTOR 3 ′ UTR, forward primer:
In situ hybridization of miR-183 using LNA probe and image analysis
We performed in situ hybridization of miR-183 with LNA probes as previously described (7). We used 578C as a hybridization temperature, which is 208C below Tm of our LNA probes. Images were taken with Zeiss Axio ImagerM2, and miR-183 signals from neurites were measured with ImageJ. We measured signals from neurites at least 25 mm away from cell body.
Lentiviral production and infection
Lentiviral particles were produced in HEK293T cells as described before (55) . In brief, lentiviral plasmids were transiently transfected with packaging vectors using Lipofectamine2000 and OptiMEM (Life Tech). Lentiviral particles were collected 48 h after transfection.
Immunostaining and axon length measurement
Neurons were fixed and stained with Tau antibody (Millipore) to measure axonal morphology. Tau-positive neurites were measured using ImageJ.
miRNA inhibition in cultured neuron using transient transfection
We designed inhibitors of miRNA using Locked Nucleic Acid technology (LNA, Exiqon). LNA sequence to inhibit expression of miR-183 was +A +G +T +G +AATTCTACCAGTG +C +C +A +T +A. For the negative control, we used +C +A +T +T +AATGTCGGACAAC +T +C +A +A +T ('+' ¼ locked base). We transiently transfected LNA oligonucleotides using Lipofectamine2000 reagent and OptiMEM (Invitrogen) on 1 DIV. For transfection protocol, we followed the manufacturer's instructions.
Protein synthesis efficiency (SUnSET experiment)
Primary cultured neurons were incubated with 50 mM puromycin, 1 h in their culture medium and protein was extracted. Incorporated puromycin was quantified with anti-puromycin antibody (KeraFest) by western blot. Twenty micrograms of proteins were used for western analysis (37) . Western blot images were quantified with ImageJ.
Sponge-183 AAV production and injection
The sponge-183 sequence was cloned into a shuttle plasmid that contained the eGFP cDNA, the 0.4-kb human GUSB promoter and the self-complementary AAV2 inverted terminal repeats. The sponge-183 sequence consisted of seven bulged binding sites for miR-183 and four nucleotide spacer sequences (CCGG) between them [5 ′ CAGTGAATTCTTATGTGCCATACCGG CAGTGAATTCTTATGTGCCATACCGGCAGTGAATTCTT ATGTGCCATACCGGCAGTGAATTCTTATGTGCCATACCGG CAGTGAATTCTTATGTGCCATACCGGCAGTGAATTCT TATGTGCCATACCGGCAGTGAATTCTTATGTGCCATA 3 ′ (56)]. The recombinant plasmid was packaged into AAV serotype-9 capsid by triple-plasmid co-transfection of HEK293 cells to generate AAV9-sponge-183 (scAAV2/9-GUSB-GFP-sponge-183). The negative control vector, AAV9-GFP (scAAV2/9-GUSB-GFP), was identical except that it did not contain the sponge-183 sequence. All animal procedures were performed under a protocol approved by the Institutional Animal Care and Use Committee. On the day of birth (P0), pups received 2 ml into each the right and left cerebral lateral ventricles and into the lumbar spinal cord for a total volume of 6 ml and a total dose of 2.5e10 genome copies per pup. All the injections were performed with a finely drawn glass micropipette needle as described earlier (57) . A subset of the litters was treated with saline to control for the injection procedure. Following the injections, the pups were toe-clipped and genotyped to identify SMA (Smn 2/2 , hSMN2 +/+ , SMND7 +/+ ), heterozygote (Smn +/2 , hSMN2 +/+ , SMND7 +/+ ) and wild-type (Smn +/+ , hSMN2 +/+ , SMND7 +/+ ) mice. Behavioral tests and tissue analyses were performed as reported (57) .
Fluorescence recovery after photobleaching
3
′ UTR of mTor was cloned into myristoylated GFP vectors to measure local translation in neurons (gift from Dr Jeffery Twiss), as described previously (28) . In brief, 3
′ UTR:myrGFP vectors were transfected into neurons using Amaxa nucleofection (Lonza). We followed the manufacturer's instruction for experimental procedures. Two days after transfection, images were collected using Zeiss LSM5 confocal microscopy with a 378C platform and analyzed with Zen (Zeiss). For anisomycin treatment, neurons were incubated with vehicle (DMSO) or anisomycin (50 ng/ml) for 30 min before imaging. Statistical significance was determined with two-way ANOVA followed by Bonferroni's post hoc test.
